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Phycoremediation of industrial wastewater
containing azo compounds
Parin D. Shah , Dipti Galani and M. S. Rao
Abstract—This paper summarizes the state-of-the-art biologi-
cal wastewater treatment technique that uses eukaryotic microal-
gae as well as several prokaryotic photosynthetic cyanobacteria.
Micro algae are known to remove dyes by bioadsorption (sorption
of dye molecules over the surface of algal cells), biodegradation
and bioconversion (diffusion of dye molecules into the algal
cells and subsequent conversion). This paper mainly focuses
on biodegradation abilities of microalgae for the treatment
of industrial wastewater containing azo compounds (-N=N-)
specifically azo dyes, excluding the scope of biosorption. The
following work summarizes the work done so far by various
researchers in the field of decolorization and biodegradation of
azo dyes. Special emphasis is given to the physical, chemical,
biological and operational factors affecting the growth of algae.
Factors which govern the degradation of azo compounds have
also been discussed. The design criteria for design of a high rate
algal pond have also been reported.
Index Terms—Phycoremediation, azo dyes, microalgae, azore-
ductase, biodegradation
Nomenclature:
HRT Hydraulic retention time
HRAPs High rate algal ponds
NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
BOD Biological oxygen demand
I. Introduction
AZo dyes are one of the oldest industrially synthesizedorganic compounds and represent the major group (60-70
%) of the more than 100,000 dyes currently manufactured [1].
They are used as coloring agents in the textile, paint, ink and
plastic industry. Azo dyes are stable compounds, difficult to
be decomposed by common treatment in a biological treating
station. Certain azo dyes and their biotransformation products
have been shown to be toxic to aquatic life and mutagenic to
humans [2]. Process like ozonation, photo oxidation, electro
coagulation, adsorption, reverse osmosis, membrane filtration
and flocculation are applied for dye removal from textile
effluents [3]. These chemical or physico-chemical methods are
less efficient, costly and produce wastes. As a viable alter-
native, biological processes have received increasing interest
owing to their low cost, effectiveness, ability to produce less
sludge and environmental benignity [4]. Phyco is a Greek
word which means algae. Phycoremediation - as defined by
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Olguin [5] may be defined in a broad sense as the use of
macroalgae or microalgae for the removal or biotransformation
of pollutants, including nutrients and xenobiotics from wastew-
ater and CO2 from waste air. Phycoremediation comprises
of several applications: (i) Nutrient removal from municipal
wastewater; and effluent rich in organic matter; (ii) Nutrient
and xenobiotic compounds removal with the aid of algae-based
biosorbents (iii) Treatment of acidic and metal wastewaters;
(iv) CO2 sequestration; (v) Transformation and degradation of
xenobiotics and (vi) Detection of toxic compounds with the aid
of algae-based biosensors. This paper reviews the work done
by various researchers so far in the field of decolorization and
biodegradation of azo dyes using microalge. Special emphasis
is given to the physical (light, temperature etc.); chemical
(nutrient concentration, pH, salinity etc.); biological (attack
by pathogens, release of autoinhibiting substances); and oper-
ational factors (depth, turbulence etc.) affecting the growth of
algae. Factors which govern the degradation of azo compounds
like; the structure of dyes, species and concentration of algae
used etc. have also been discussed.
II. Factors affecting algal growth in wastewater
Microalgae play an important role during the treatment of
domestic wastewater [6]- [8]. Recent studies have shown that
microalgae can support the aerobic degradation of various
hazardous contaminants [9], [10]. Microalgae can efficiently
remove nutrients and inorganic pollutants and degrade organic
pollutants as well [11], [12]. As shown in figure 1, in wastew-
ater treatment the presence of algae and bacteria can form a
symbiotic relation. During photosynthesis reaction, the algae
capture atmospheric or dissolved CO2 in the presence of light,
and release O2, which is used by aerobic bacteria to degrade
organic compounds. Moreover, some cyanobacteria and algae
might remove xenobiotics from the environment by sorption,
transformation, and degradation. Thus the combination of
phototrophic and heterotrophic properties is able to enhance
the degradation potential of the whole consortium. This paper
mainly focuses on biodegradation abilities of microalgae for
the treatment of industrial wastewater excluding the scope
of biosorption.Successful treatment of wastewater with mi-
croalgae requires fundamental understanding of the factors
that affect the growth of algae. The growth rate of algae
and cyanobacteria is influenced by physical, chemical and
biological factors as listed in Table 1.
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Fig. 1. Concept of algal-bacterial symbiosis for degradation of organic matter.
[24]
Abiotic Factors, Light,(quality, quantity)
Physical and Chemical Temperature
Nutrient Concentration
O2, CO2
pH
Salinity
Toxic Chemicals
Biotic Factors Pathogens (bacteria, fungi, viruses)
Predation by zooplankton
Competition between species
Operational Factors Mixing
Dilution rate
Depth
Addition of bicarbonate
Harvesting frequency
TABLE I
FACTORS AFFECTING ALGAL GROWTH
A. Temperature
Temperature is one of the parameter that affects the growth
of microalgae. Increased temperature enhances algal growth
until an optimum temperature is reached. Further increase
in temperature leads to a rapid decline in growth rate [13].
Overheating of algal cultures is a problem especially in humid
climates where evaporation is inhibited. At low temperatures,
microalgae easily get photoinhibited by high light intensities.
This sensitivity to bright light at low temperatures may pose
an operational constraint on outdoor wastewater treatment
in cold climate. At temperatures near optimum for growth,
microalgae can better tolerate high light intensities before
getting inhibited. Generally, temperatures around 15-25◦C
seems to suit most algal species, even those which are adapted
to growth at colder temperatures. Optimal temperatures vary
with species and strain cultured [16].
B. Light
Light intensity plays an important role, but the requirements
vary greatly with the culture depth and the density of the algal
culture. At higher depths and algal biomass concentrations,
the light intensity must be increased to penetrate through
the culture. Light may be natural or supplied by fluorescent
tubes. Moreover, in dense cultures the algae themselves can
decrease the light availability due to internal shading [15].
When cultivated in raw wastewater, this shading effect can also
be further aggravated by high contents of particulate matter.
Algal activity increases with light intensity up to 200-400
µEm−2s−1, and further increase in light intensities decreases
the activity [14]. Photoinhibition has therefore been observed
during the central hours of a sunny day when irradiance can
reach up to 4000 µEm−2s−1. To prevent this, turbulence is
essential since it exposes all algal biomass to light for at
least short periods, thereby making high productivity possible.
Waste stabilization ponds are therefore designed to cope with
natural diurnal or seasonal light intensity fluctuations by, for
instance, increasing the HRT in the system in case of lower
light intensities.
C. Depth
The easiest way to prevent algal cultures from light limi-
tation is to decrease the depth of the culture vessel. Depths
of between 15 and 50 cm are generally recommended. During
winter, however, shallower depths than 20 cm should not be
used to account for the decreased incident light intensity [15].
D. pH
Microalgal growth rate and species composition may also
be affected by pH. Fontes et al., [15] observed that optimal
productivity of the cyanobacterium Anabaena variabilis were
obtained at pH 8.2-8.4, being slightly lower at 7.4-7.8, decreas-
ing significantly above pH 9, and at pH 9.7-9.9 the cells were
unable to thrive. However, many algal species accept higher
pH values than that. Hence we can say that pH acceptance
depends on type of algal species. Microalgal CO2 uptake can
cause the pH to rise to 10-11 in HRAPs [17]. This increase,
which is beneficial for the disinfection of pathogens, can also
cause a decrease in the pollutant removal efficiency [7] as
complete bacterial inhibition at pH above 10 is commonly
observed in stabilization ponds [6]. pH also affects the avail-
ability of inorganic carbon; even if pH is high for other reasons
than photosynthetic CO2-exhaustion, the pH regulates what
species of inorganic carbon that is available which is shown
in figure 2. It is however difficult to dissociate the direct effects
of pH on microbial growth from collateral effects such as
modifications in the CO2/HCO3−/CO3−2 and NH3/NH4+
equilibria or in phosphorus and heavy metal availability. The
pH also influences N and P removal via NH3 volatilization
and orthophosphate precipitation at a high pH of 9-11. NH3
volatilization is a drawback as it is a phenomenon of transport
of pollutant from one phase to another.
Fig. 2. of pH on CO2 assimilation [15]
High pH may also induce flocculation of some algae, which
in turn lead to reduced nutrient uptake and growth, but this
flocculation can, on the other hand, facilitate harvesting. In
order to avoid extreme pH values, turbulence can promote the
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gas exchange between water and air which in turn regulates
pH somewhat in the water.
E. Carbon and Nutrients
Algae are autotrophs, i.e. they can synthesize organic
molecules themselves from inorganic nutrients. A stoichio-
metric formula for the most common elements in an average
algal cell is C106H181O45N16P [7], and the elements should
be present in these proportions in the medium for optimal
growth.
1) Carbon: Microalgae assimilate inorganic carbon in the
photosynthesis. Solar energy is converted to chemical energy
with oxygen (O2) as a by-product, and in the second step the
chemical energy is used to assimilate carbon dioxide (CO2)
and convert it to sugars. The overall stoichiometric formula
for photosynthesis is:
6H2O + 6CO2+light→ C6H12O6 + 6O2 (1)
The inorganic carbon species normally used by microalgae
are CO2 and HCO3−, the latter requiring the enzyme car-
bonic anhydrase to convert it to CO2. Beside these, some algal
species are able to use organic carbon sources as well, such as
organic acids, sugars, acetate or glycerol. The amount of CO2
dissolved in water varies greatly with pH, and addition of CO2
results in a pH decrease as shown in figure 2 [15]. At higher
pH values, e.g. at pH greater than 9, most of the inorganic
carbon is in form of carbonate (CO32−) which cannot be
assimilated by the algae.
2) Nitrogen: Besides carbon, nitrogen is the second most
important nutrient to microalgae since it may comprise more
than 10 % of the biomass. Nitrogen exists in many forms, and
the most common nitrogen compounds assimilated by microal-
gae are ammonium (NH4+) and nitrate (NO3−) [18]. How-
ever, ammonium concentrations higher than 20 mg NH4+−N
per liter are not recommended due to ammonia toxicity. In
addition to these nitrogen compounds, urea (CO(NH2)2) and
nitrite (NO2−) can be used as nitrogen sources. Nitrogen
fixation is the most energy demanding and only occurs in
some cyanobacteria when no other nitrogen compounds are
available in sufficient amounts.
3) Phosphorous: Phosphorus is another macro-nutrient
essential for growth, which is taken up by algae as inorganic
orthophosphate (PO43−) [13]. Microalgae are able to assimi-
late phosphorus in excess, which is stored within the cells in
the form of polyphosphate (volutin) granules. These reserves
can be sufficient for prolonged growth in the absence of
available phosphorus. The growth rate of an alga may therefore
not respond at once to changes in the external concentration
of phosphorus, in opposite to the immediate responses to
temperature and light.
4) Other Nutrients: Nitrogen and phosphorus are macro-
nutrients, which are needed in high amounts for growth. Other
macronutrients are sulphur, potassium, calcium and magne-
sium. Micro-nutrients, which are needed in smaller amounts,
are manganese, molybdenum, copper, iron, zinc, boron, chlo-
ride and nickel. In addition, some other elements can be
essential for certain algal species, like sodium, silicon, cobalt,
iodine, vanadine and selenium. To prevent growth limitation
by micro-nutrients, these are often added to commercial algal
cultures together with a chelating agent, e.g. EDTA [19].
F. Inhibitory substances
Many substances can act inhibitory on photosynthesis and
algal growth if present in too high concentrations. Examples of
such substances are heavy metals, herbicides, and pesticides,
substances in detergents, household cleaning products and
personal care products. High concentrations of ammonia act
inhibitory on algal growth at high pH, and this toxicity is
intensified at higher temperatures when a higher proportion
of the ammonia occurs as free ammonia which may freely
diffuse over membranes into the cells [20]. Some algae also
produce substances toxic to themselves in the course of their
metabolism. These eventually accumulate to concentrations
high enough to inhibit growth; a phenomenon called auto
inhibition.
G. Biotic Factors
In pure monocultures, infections by parasites, predators or
competing species can be deleterious, and protozoa and rotifers
present the greatest threat [21]. In open wastewater treatment
systems, infections are hard to avoid, but by keeping optimal
conditions for the algae the cultures are less susceptible.
Methods to avoid infections can be acidification of the cultures
to pH2 for a short period or by daily removal of particulate
matter larger than 100µ with a small porosity screen, which
removes mainly zooplankton but not the algae. Establishing
a pond regime that leads to diurnal anaerobic conditions for
a short period can also prevent the development of animal
and fungal populations, and short periods of high ammonia
concentration can eliminate contamination by zooplankton.
Alternatively, biocides can be applied, but this can spoil the
quality of the product, is expensive and is not environmentally
sound [22].
H. Hydraulic Retention Time (HRT)
The HRT should be long enough to prevent the treatment
step from wash-out effects, i.e. it should not be shorter than
the minimum generation time of the algae (i.e. the dilution rate
should not exceed the maximum algal growth rate, µmax). On
the other hand, too long HRT allows the algae to grow slower
due to nutrient limitation and increased internal shading, and
should also be avoided. Between 2 and 7 days HRT are
common in microalgal wastewater treatment [23]. During
winter, longer retention times would probably be necessary
than during summer as a result of the lower growth rate.
I. Turbulence
Turbulence can be achieved in many ways, e.g. with air
bubbling, propellers or paddle wheels. Air injection provides
CO2 and N2 for nitrogen fixation and may be complemented
with extra CO2 (1-5 %). Fontes et al. [15] reported that, opti-
mal growth takes place at an air flow of 60 liters liter−1h−1.
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A mild and economic method is the use of paddle wheels.
According to Oswald [7], microalgae stirred with paddle
wheels also tends to agglomerate and settle when removed
from the mixing field, a tendency never observed in shallow
ponds mixed by other methods. Mixing velocities of 5-20
cm s−1 are common in e.g. raceway ponds, and too high
turbulence can be damaging to the algae [13].
III. Dye removal by microalgae
Micro algae are known to remove dyes by bioadsorption
(sorption of dye molecules over the surface of algal cells),
biodegradation and bioconversion (diffusion of dye molecules
into the algal cells and subsequent conversion). Algae degrade
dyes for nitrogen source [24]. Degradation of azo dyes was
first studied by Jinqui and Houtian in 1992 [25]. It has been
identified that the variability in reduction rate of azo dyes by
bacteria is partly due to differences of the dye transportation
rate into bacterial cells. Two steps might be considered: (i)
Transport of dye from external medium through the cell wall
to the plasma membrane. This step may be governed by
an adsorption-desorption equilibrium of the dye at the cell
wall. (ii) Membrane transportation. This is related to the
molecular structures of dyes. In the reduction of azo dyes by
algae the azo bond (-N=N-) is broken down by azoreductase
and aromatic amine arises as a cleavage product as shown
in figure 3. This mechanism of degradation is similar to
that occurs by bacteria, which ends with the production of
aromatic amines. Furthermore, Kulla [30] concluded that some
C14− labeled aromatic amines can be utilized and completely
degraded to carbon dioxide by a Pseudomonas strain. Most of
these compounds, however, are turned into other intermediates.
Accordingly, it has been found that algae can also utilize
aromatic amine (aniline) [25], [26].
Fig. 3. Enzymatic biodegradation of azo compounds [28]
It has been reported that the degree of azo dye decoloriza-
tion by algae seems to be related to the molecular structures
of the dyes. Compounds with a hydroxy or amino group are
more likely to be reliably degraded than those with a methyl,
methoxy, sulfo or nitro group [23], [27]- [29]. It has also been
reported that p-amino azo benzene [24], [29]: NADH and
NADPH [27] can act as an electron donor for azoreductase
in breaking down the azo bond i.e. activity of azoreductase
was markedly increased by the addition of these compounds,
which indicates the probable induction of this enzyme by the
dyes. There are three limiting factors found in the degradative
pathway of azo dyes by algae: (i) Degradability of dyes - This
is mainly dependent on the structural features of dyes; (ii)
Ability of algae to utilize dyes - This is determined by algal
physiological characteristics; (iii) Effects of environmental
conditions.
IV. Cultivation Methods
The two main groups of systems for cultivation of microal-
gae are closed and open systems [13]. Closed systems allow
greater control of growth conditions, whereas open systems
largely depend on external factors and have contact with the
open air. However, the open systems are often simpler to
construct and operate, and may therefore be preferred from
economical reasons. A third, totally different solution for
phytoplankton culture is immobilization, where the cells are
trapped in a solid medium to facilitate better contact. In this
paper the open ponds systems i.e. HRAPs have been discussed
in detail.
A. Open systems (ponds)
For commercial cultivation of algae, shallow raceway ponds
and circular ponds with a rotating arm to mix the cultures
are usually used. The raceway pond is set in a meandering
configuration with paddle wheel mixers that exert low shearing
forces. Schematic diagram for a raceway pond is shown in
figure 4. For wastewater treatment, facultative ponds and
HRAPs are most commonly used. A facultative pond is usually
deeper than one meter, has algae growing in the surface water
layers and is anoxic near the bottom. An HRAP, on the other
hand, is usually less than a meter deep, is continuously mixed
by gentle stirring and is aerobic throughout its volume [7].
The term ’high rate’ is used because the algal growth rate
in these ponds is several times greater than that occurring in
conventional waste stabilization ponds. In HRAPs, microalgae
supply oxygen to heterotrophic bacteria, and the nutrients in
the wastewater are converted into algal and bacterial biomass.
According to Oswald [7], properly designed and operated
HRAPs are capable of removing more than 90% of the BOD
and up to 80% of the nitrogen and phosphorus.
Fig. 4. Schematic of a raceway pond [13]
V. Design of high rate algal ponds
The engineering factors that can be controlled in design and
operation of HRAP are described below [7] [18].
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A. Depth
Pond depth should be selected on the basis of the avail-
ability of light to algae. Oswald [8] suggested that it can be
approximated by Beers-Lamberts law:
Ii/Iz = exp(Ca.α.z) (2)
where,
Ii =the measured light intensity at pond surface, vary-
ing from 0 to 20,000 ft-candle
Iz =the measured light intensity at depth z, ft-candle
α = the specific absorption coefficient, ranging from
1× 10−3to2× 10−3
Ca =concentration of algae, mg/l
z = pond depth, cm
Assuming, all available light is absorbed; therefore, at pond
bottom the transmitted light Iz, should be relatively small. If
Iz is taken as 1, equation (2) can be written as:
z =lnIi/Ca.α (3)
Theoretically, the depth for maximum algal growth should be
about 12.5 cm. Depths of between 15 and 50 cm are generally
recommended. During winter, however, shallower depths than
20 cm should not be used to account for the decreased incident
light intensity [15], [23].
B. Hydraulic Retention Time
The hydraulic retention time is an important factor while
designing the algal pond. The HRT should be optimum so as
to allow proper treatment of water. The calculation of HRT
depends on the following factors:
HRT (Θ) = Ca.h./F.Io.A (4)
Where,
Θ =days
h =unit heat of combustion of algae, kcal/g of algae
(for sewage grown algae = 6 kcal/g)
F =efficiency of light energy conversion to chemical
energy, (usually = 0.1)
Io =the amount of visible solar energy penetrating
a smooth water surface, Varying from 0 to 800
gcal/cm2-day
A =Area of pond occupied by 1 liter of culture.
C. BOD loading
BOD loading of HRAP influences on algal yield. Too
high BOD loading can result in anaerobic conditions and
interference with the algal-bacterial symbiosis [18]. The BOD
loading that can be applied for a particular HRT is as follows:
BODload = k.z.Y t/Θ (5)
where,
BOD load=g/m2 − day
k =constant (generally 0.1)
Yt =ultimate biochemical oxygen demand mg/l
D. Algal productivity
The algal productivity depends on the depth of the algal
pond as well as the HRT. For a particular HRT, algal produc-
tivity can be calculated as follows:
P = k.z.Ca/Θ (6)
where,
P = g/m2 − day
The terms k, z, Ca, and Θ are already defined.
VI. Conclusions
It can be concluded that algae undoubtedly have the
potential to rapidly, efficiently and effectively degrade azo
dyes. Before algal or algal-bacterial processes can widely
be implemented for the treatment of industrial wastes, more
research is still needed to: (i) Select ’extreme’ algal strains
capable to grow under wider and more extreme conditions of
light, pH, pollutant concentrations, etc.; (ii) Understand and
control the mechanisms of volatilization of NH3, mechanism
of autoflocculation and bioflocculation to improve harvesting
and biomass control; (iii) Scale-up and model HRAPs to
provide better design guidelines; (iv) Understand the working
of azoreductase activity which leads to the degradation of azo
bond.
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